In the pulmonary vasculature, cGMP levels are regulated by soluble guanylate cyclase (sGC) and phosphodiesterase 5 (PDE5). We previously reported that lambs with persistent pulmonary hypertension of the newborn (PPHN) demonstrate increased reactive oxygen species (ROS), altered sGC and PDE5 activity, with resultant decreased cGMP. The objective of this study was to evaluate the effects of hydrocortisone on pulmonary vascular function, ROS, and cGMP in the ovine ductal ligation model of PPHN. PPHN lambs were ventilated with 100% O 2 for 24 hours. Six lambs received 5mg/kg hydrocortisone every 8 hours x 3 doses (PPHN-hiHC), five lambs received 3mg/kg hydrocortisone followed by 1 mg/kg/dose x 2 doses (PPHN-loHC), and six lambs were ventilated with O 2 alone (PPHN). All groups were compared to healthy one-day spontaneously breathing lambs (1DSB). O 2 ventilation of PPHN lambs decreased sGC activity, increased PDE5 activity, and increased ROS vs. 1DSB lambs. Both hydrocortisone doses significantly improved a/A ratios relative to PPHN lambs, decreased PDE5 activity, and increased cGMP relative to PPHN lambs. High-dose hydrocortisone also increased sGC activity, decreased PDE5 expression, decreased ROS, and increased total vascular superoxide dismutase activity vs. PPHN lambs.
INTRODUCTION:
At birth, pulmonary vascular resistance (PVR) dramatically decreases as the pulmonary vasculature adapts to the extrauterine environment. Persistent pulmonary hypertension of the newborn (PPHN) occurs when this transition fails, leading to persistently elevated PVR, right-toleft shunting, and hypoxemia. PPHN affects 1 in 500 term infants and is associated with multiple underlying conditions. In spite of recent treatment advances, PPHN continues to be associated with significant short-term and long-term morbidity, as well as a significant risk of death (24).
Inhaled nitric oxide (iNO) improves oxygenation and reduces the need for ECMO support, but has not been shown to improve survival or long-term neurodevelopmental outcomes in PPHN (17) . As many as half of infants with PPHN do not respond or sustain their response to inhaled nitric oxide (1, 9). High concentrations of inspired oxygen are also used to promote pulmonary vasodilation in PPHN, but their benefits and risks for this population are not well defined. Hyperoxia has been associated with both alveolar and vascular remodeling in bronchopulmonary dysplasia in preterm neonates (21) , and a growing body of evidence suggests that even short-term exposure to 100% oxygen may cause oxidative injury in the pulmonary parenchyma and vasculature (25, 36) . New therapies for PPHN are needed to augment current therapeutic strategies as well as to prevent long-term complications of standard management.
Glucocorticoids have been used in neonates for the treatment of pressorresistant hypotension, adrenal insufficiency, and for prophylaxis of bronchopulmonary dysplasia. They are potent anti-inflammatory agents that have been reported to decrease hospital stay and duration of oxygen dependence in meconium aspiration syndrome, a disease often associated with the development of PPHN (34, 39) . Recent evidence from animal models of PPHN also suggests a potential role for glucocorticoids in restoring normal pulmonary vascular function. In a fetal lamb model of chronic intrauterine pulmonary hypertension, prenatally administered betamethasone attenuated oxidative stress and improved in vitro pulmonary artery response to vasodilators (8) . In a porcine model of meconium aspiration, methylprednisolone improved oxygenation and attenuated the pulmonary hypertensive response (32) . However, virtually nothing is known about the effects of postnatally administered glucocorticoids on pulmonary vascular reactivity, key pathways regulating cGMP levels, or modulation of oxidative stress in PPHN.
In the normal pulmonary vasculature, nitric oxide produced in the endothelium activates soluble guanylate cyclase (sGC) in the vascular smooth muscle to produce cGMP, a critical second messenger that initiates and maintains vasorelaxation. In the lung, cGMP is inactivated by phosphodiesterase 5 (PDE5). Recent evidence indicates that oxidant stress plays a significant role in PPHN pathogenesis (6, 23, 41) , and promotes vascular dysfunction in part by oxidizing and reducing sGC activity (33), and by increasing PDE5 activity and expression in vascular smooth muscle cells. Together, these changes would be expected to decrease cGMP concentrations and increase vasoconstriction (12) . We recently demonstrated that administration of antioxidants such as superoxide dismutase or catalase via the airway was sufficient to normalize PDE5 expression and activity, as well as increase cGMP concentrations in resistance pulmonary arteries. Taken together, these findings illustrate the importance of increased oxidative stress in pathogenesis of neonatal pulmonary hypertension (13) . The goal of the present study was to investigate the effects of hydrocortisone on oxygenation, oxidative stress, and PDE5 expression and activity in PPHN. We used a well-established lamb model of PPHN to test the hypothesis that hydrocortisone restores normal postnatal patterns of sGC and PDE5 activity, leading to improvements in oxygenation. (15) . After 24 hours of ventilation, lambs were anesthetized and sacrificed by cardiac puncture and exsanguination. The heart and lungs were removed en bloc and fifth-generation pulmonary arteries (PA, inner diameters of 500 µm) were isolated. Tissue samples were snap frozen in liquid nitrogen and stored at -80ºC until analysis. One day spontaneously breathing lambs (1DSB) were healthy newborn lambs that delivered spontaneously at comparable gestation to the experimental lambs, fed normally, and breathed room air. 1DSB lambs were anesthetized with pentothal and killed by rapid exsanguination as described above. Fetal control lambs (n=6) were unoperated twins of PPHN lambs, were sacrificed before first breath, and served as reference controls for expression studies as previously reported (13, 15) .
MATERIALS AND METHODS
Cyclic GMP Enzyme Immunoassay (EIA): cGMP content in snap-frozen PA tissue was measured by EIA in duplicate, using a commercially available kit (Cayman Chemical) as previously described (13) . Results were measured using a Labsystems Multiskan EX automated plate reader at 420 nm. Results are shown as pmol cGMP per mg frozen tissue.
Quantitative Reverse Transcription Real-Time PCR: Frozen PA tissue was ground on liquid nitrogen. RNA was isolated using the Aurum total RNA mini kit (Bio-Rad, Hercules, CA and quantified using the Quant-iT RiboGreen assay (Molecular Probes/Invitrogen, Carlsbad, CA). cDNA was prepared using the iScript cDNA Synthesis Kit (Bio-Rad). Real-time PCR was performed using the iQ SYBR Green Supermix (BioRad) with the iCycler iQ real-time PCR detection system (Bio-Rad) as previously described (12) . Real-time PCR for PDE5 with a β-actin internal control was performed with 35 cycles of real-time data collection using 95°C for 10 s and 48.2°C for 45 s. PDE5 and β-actin primers were designed using Beacon Designer software (Premier BioSoft International, Palo Alto, CA) and have been previously described (12) . For all primers, amplicons between 75 and 150 bp in length were produced, and there was a single product on melt-curve analysis with good correlation for efficiency and standard curves (r 2 0.98). All samples were analyzed in duplicate. Relative PDE5 amounts were normalized to β-actin using the C T method (28) . Data are shown as fold relative to fetal control lambs.
Western Blot Analysis: Frozen PA tissue was homogenized, and total protein was collected using the PARIS kit (Ambion, Austin, TX) supplemented with protease (Sigma, St. Louis, MO) and phosphatase inhibitors (EMD Biosciences, San Diego, CA) as previously described (12, 15) . Protein concentration was measured using the Bradford assay (5). PDE5 and sGC subunit protein expression was assessed in all animals via Western blot, which was performed as previously described (12, 14, 15 Immunohistochemistry: After sacrifice, the right middle lobe of the lung was removed, and OCT compound was pushed gently into the deflated lobe and allowed to solidify as previously described (13, 15) . Blocks and sections were prepared as previously described (13, 15) . Sections were blocked with 5% BSA at room temperature for one hour and then stained overnight at 4°C with primary antibody at a 1:50 dilution in 5%
BSA ( 
PDE5 Activity Assay:
Protein was prepared from snap-frozen PA tissue as described above and was purified over a Centri-Spin 10 column to remove any phosphate contamination (Princeton Separations, Adelphia, NJ). Protein concentration was determined using the Bradford method. Total protein (5 µg) was assayed for cGMP hydrolytic activity using a commercially available colorimetric cyclic nucleotide phosphodiesterase assay kit with and without sildenafil (Biomol, Plymouth Meeting, PA)
as described previously (12, 14) . Results are shown as the PDE5-specific pmol cGMP hydrolyzed per mg total protein per minute.
sGC Activity Assay: Total lung protein was prepared as described above and assayed the same day as previously described (12) . Protein concentration was determined as described above. Sample were prepared as previously preparation described (13) . Each sample was dried, resuspended in cGMP EIA buffer, and acetylated according to the manufacturer's protocol. cGMP was measured by EIA in duplicate using a commercially available kit (Cayman Chemical). Results were measured using a Labsystems Multiskan EX automated plate reader at 420 nm. sGC activity results are shown as picomoles cGMP per milligram total protein per minute.
In situ Analysis of Superoxide Generation:
Frozen lung sections were exposed to 5µM dihydroethidium (DHE; Molecular Probes/Invitrogen) in PBS. Slides were incubated in a light-protected humidified chamber at 37°C for 30 min. Ethidium-stained slices were observed by fluorescence microscopy with excitation at 518 nm and emission at 605 nm.
Fluorescent images were captured using a CoolSnap digital camera with Metamorph imaging software (Molecular Devices, Sunnyvale, CA). Tissue sections were processed and imaged in parallel as previously described (15) .
SOD Activity Assay:
Frozen lung tissue was ground on liquid nitrogen and sonicated in ice-cold 50mM potassium phosphate buffer (pH 7.6) containing protease inhibitors.
Protein concentration was determined by the Bradford method and samples analyzed immediately for enzyme activity using a commercially available SOD assay kit (Stressgen, Ann Arbor, MI). Activity was normalized to protein content and expressed relative to control samples (16) .
Statistical Analysis: All data are expressed as the mean ± SEM with each n representing a single lamb studied. Results were analyzed by repeated measures ANOVA with Bonferroni's multiple comparison test where appropriate using Prism software (GraphPad Software Inc., San Diego, CA). Statistical significance was set at p<0.05.
RESULTS:
Hydrocortisone improves oxygenation in PPHN lambs ventilated with 100% O 2 :
The arterial/alveolar (a/A) ratio was used to assess the effectiveness of oxygen exchange. PPHN lambs ventilated with 100% oxygen alone had persistently low a/A ratios throughout the 24-hour study period. In comparison, both low-dose and high-dose High-dose hydrocortisone increases sGC activity in resistance pulmonary arteries from PPHN lambs: We previously reported decreased sGCα expression in fetal PPHN lambs vs. healthy fetal controls (13, 35) . Here, we demonstrate that 1-day old ventilated PPHN lambs have sGCα protein expression similar to that observed in healthy 1DSB lambs ( Figure 5A ). Treatment with hydrocortisone had no effect on sGCα expression ( Figure 5A ). Representative blot is shown in Figure 5B . sGC activity was decreased by 72±3% in PPHN lambs relative to 1DSB lambs, while treatment with high-dose hydrocortisone significantly increased sGC activity by 81±25% vs. PPHN lambs ( Figure   5C ).
High-dose hydrocortisone decreases PDE5 protein expression and activity in pulmonary arteries of PPHN lambs ventilated with 100% oxygen: We recently reported increased PA PDE5 protein expression and activity in PPHN lambs ventilated with 100% oxygen for 24 hours relative to fetal PPHN lambs (14) . In the current study, we found that hydrocortisone significantly increased PDE5 mRNA ( Figure 6A ), but decreased PA PDE5 protein expression by 54±7% (Figures 6B&C). As expected, PDE5
protein expression localized to PA smooth muscle ( Figure 6D ). PDE5 activity was dramatically increased in PPHN lambs ventilated with 100% O 2 relative to 1DSB lambs (5±0.5-fold, Figure 7 ). Treatment with both low and high dose hydrocortisone significantly decreased PDE5 enzyme activity when compared to untreated PPHN lambs (49±20% and 93±2%, respectively, Figure 7) , with high-dose hydrocortisone decreasing PDE5 activity to levels similar to those observed in healthy 1DSB lambs ( Figure 7 ).
Hydrocortisone reduces oxidative stress in PPHN lambs ventilated with 100%
oxygen: We have previously demonstrated that ventilation with high levels of O 2 increases reactive oxygen species (ROS) in PPHN lambs, and that one mechanism is likely reduced activity of superoxide dismutases (6, 15) . We first sought to determine effects of hydrocortisone treatment on oxidative stress by measuring DHE fluorescence, a marker of superoxide production. As expected, oxidative stress was increased by 3.07±0.2 fold in PPHN lambs ventilated with 100% oxygen relative to 1DSB lambs (p<0.05, Figure 8A ). DHE fluorescence was decreased by 70±8% in lambs treated with high-dose hydrocortisone, but was not significantly affected by low-dose hydrocortisone ( Figure 8A ). Total SOD activity was decreased by 53±6% in ventilated PPHN lambs vs.
1DSB lambs (p<0.05, Figure 8B ), and high-dose hydrocortisone increased SOD activity by 90±30%, and to levels equivalent to the 1DSB lambs ( Figure 8B ). We also investigated the effects of hydrocortisone on 3-nitrotyrosine (3NT), a marker of peroxynitrite-dependent oxidative protein damage. 3-NT levels were increased by 2.6±0.4 fold in PPHN lambs relative to 1DSB animals ( Figure 9 ), and treatment with high-dose hydrocortisone significantly decreased 3-NT levels by 47±9% ( Figure 9 ).
DISCUSSION:
Corticosteroids have been investigated as a potential treatment for critical illnesses such as sepsis and acute lung injury, and limited data indicates they may benefit infants with meconium aspiration (3, 11, 34) , the leading cause of neonatal pulmonary hypertension. The effect of hydrocortisone on PPHN without parenchymal lung disease is not known. In the present study, we sought to determine whether hydrocortisone improved oxygenation in PPHN lambs; and whether its mechanism of action included effects on pulmonary vascular regulation of cGMP concentrations and/or oxidative stress. We tested two different dosing strategies in order to study the dose response effect of hydrocortisone. We found that hydrocortisone treatment of hyperoxiaexposed PPHN lambs resulted in improved oxygenation, increased steady-state cGMP concentrations, increased sGC activity, decreased PDE5 protein expression and activity, and decreased ROS production in resistance PA. We propose that the changes in PDE5 expression and activity are attributable, in part, to decreased oxidative stress in hydrocortisone-treated lambs.
We found that hydrocortisone improved oxygenation in PPHN lambs, as evidenced by increased a/A oxygen ratios. Three other therapeutic agents, inhaled nitric oxide, recombinant human superoxide dismutase (rhSOD), and PEG-catalase have also been reported to improve systemic oxygenation in this animal model (26, 41). In the current study, we found that while the improvement with hydrocortisone occurred at a later time point relative to rhSOD and iNO (Figure 1) , the overall degree of oxygenation improvement was comparable with no adverse effects on systemic blood pressure In order to further investigate the mechanisms responsible for increasing cGMP levels, we sought to determine the effects of hydrocortisone on sGC and PDE5, two key regulators of cGMP. Reductions in sGC expression and activity under conditions of oxidative stress have been previously described in the literature (33, 40, 42). For instance, sGCα subunit protein expression and sGC activity were decreased in PA from fetal PPHN lambs relative to healthy control lambs (4, 35 ). In the current study, we found no significant differences in sGCα expression between 1DSB and ventilated PPHN lambs and no effect of hydrocortisone treatment on sGCα expression ( Figure 5A ).
However, sGC activity was significantly decreased in ventilated PPHN lambs relative to 1DSB lambs ( Figure 5B ), and hydrocortisone treatment of PPHN lambs significantly increased sGC activity ( Figure 5B ). These findings are consistent with other reports of glucocorticoid-mediated stimulation of sGC activity in other types of tissue, such as rat glomeruli and small intestine mucosa (27, 30) .
We found that hydrocortisone reduced PDE5 protein expression and activity ( Figures 6 and 7) , which would also be expected to increase cGMP levels. Steroids have been reported to affect a small subgroup of PDE enzymes, predominantly PDE3 and PDE4 (2, 10, 20) . To our knowledge, this study is the first report that glucocorticoids also affect PDE5, an important modulator of pulmonary vascular tone. Hydrocortisone's effects on PDE5 are likely complex and act through multiple mechanisms as evidenced by increased PDE5 mRNA ( Figure 6A ) but decreased protein expression ( Figure 6B) and activity ( Figure 7) . The observed differences between expression and activity might be due to posttranslational modifications of PDE5, which are independent of expression and have also been previously described by other investigators (19) .
We and others have reported increased oxidative stress in the pulmonary vasculature of lambs with pulmonary hypertension (6, 13, 15, 23) . Because ROS are known to alter sGC and PDE5 activity (12, 13, 40) , we explored whether hydrocortisone also reduced oxidant stress. Interestingly, while both low and high dose hydrocortisone significantly decreased PDE5 activity and increased cGMP levels, lambs treated with high-dose hydrocortisone also had significantly lower ROS levels compared to control PPHN lambs (Figures 8 and 9 ). Lambs treated with high-dose hydrocortisone additionally had higher sGC activity, lower PDE5 activity, and higher cGMP levels compared to lambs treated with lower doses.
Previous studies have shown that prenatal glucocorticoids accelerate the late gestation increase in lung antioxidant enzyme activity and decrease ROS (18, 38) . At least one isoform of SOD, copper-zinc SOD, has been found to contain glucocorticoid responsive elements in the 5'-flanking region of the gene promoter (22) . In addition, a recent report indicates that antenatal betamethasone reduces vascular oxidant stress, increases MnSOD expression, and improves the in vitro pulmonary vascular response to vasodilators in a lamb model of PPHN (8) . Our findings suggest that postnatal administration of glucocorticoids may also help restore normal vascular function, in part through reducing ROS-mediated alterations in sGC and PDE5 function. As pulmonary hypertension is seldom identified prior to birth, our study provides important evidence that early postnatal administration of hydrocortisone may enhance total vascular SOD activity and reduce levels of ROS such as superoxide and peroxynitrite.
Similar to other causes of acute lung injury, inflammation is believed to play an important role in the pathophysiology of PPHN due to meconium aspiration, pneumonia, and other causes; several studies illustrate the importance of both inflammation and oxidative stress in the pathophysiology of pulmonary hypertension due to MAS (7, 37) .
Activation of inflammatory cells results in increased production of ROS, creating an important link between inflammation and oxidative stress. On the other hand, glucocorticoids may decrease pulmonary oxidative stress in the presence of inflammation (29) . Hydrocortisone treatment could therefore decrease ROS directly through altering expression or activity of pro-oxidant and anti-oxidant enzymes, or indirectly by modulation of the inflammatory response. While both the dosing regimens used in this study would be expected to be anti-inflammatory, it is also possible that the higher hydrocortisone dose had a greater anti-oxidant effect. Future studies are planned to delineate whether the effects we observed are due to anti-inflammatory vs. antioxidant effects of hydrocortisone.
We previously demonstrated that hyperoxia induces PDE5 expression and activity and diminishes cGMP response to exogenous NO in fetal PA smooth muscle cells, and that these effects can be reversed by antioxidants (12) . We and others have also shown that increased oxidative stress is at least partly responsible for the impaired pulmonary vasodilatation in pulmonary hypertension (6, 15, 23) . High concentrations of oxygen are commonly used to attempt to reverse the hypoxemia associated with PPHN.
However, PPHN lambs remain hypoxemic even when breathing 100% O 2 (Figure 1) , and this level of hyperoxia exaggerates levels of oxidative stress and increases PDE5 activity to levels that are much greater than in control lambs (6, 13, 15) . In contrast, treatment with antioxidants such as rhSOD or catalase normalized PDE5 expression and activity as well as cGMP levels in ventilated PPHN lambs (14) . The current study demonstrates that hydrocortisone treatment similarly normalizes PDE5 protein expression and activity, leading to increases in steady-state cGMP levels. Our proposed model is that hydrocortisone reduces oxidative stress that, in turn, results in increased sGC activity and decreased PDE5 expression and activity.
We acknowledge several limitations to the current study. While we observed a benefit of hydrocortisone in the ovine ductal ligation model of PPHN with associated vascular remodeling, whether these results are generalizable to human infants with pulmonary hypertension and parenchymal lung disease remains unknown. In addition, while we conclude that the benefits of hydrocortisone on oxygenation are explained in part by decreased oxidative stress and PDE5 activity, hydrocortisone might have also improved lung compliance or reduced lung injury, leading to improvements in pCO 2 and pH as observed ( Figure 3 ). We did not perform direct measurements of pulmonary or systemic hemodynamics because placement of the invasive catheters and transducers required for such measurements significantly increases mortality in these critically ill animals (26). Further, while our findings could be explained by an effect of hydrocortisone on the overall level of pulmonary vascular oxidant stress, it is difficult to elucidate a specific molecular mechanism. We suggest that the use of glucocorticoids in PPHN deserves further study in both animal and clinical settings.
In conclusion, we found that hydrocortisone treatment decreased oxidative stress and normalized PDE5 expression and activity and sGC activity in a neonatal lamb model of PPHN. We speculate that hydrocortisone may normalize PDE5 and sGC activity by attenuation of oxidant stress, thus improving pulmonary vascular reactivity. These effects were associated with an improvement in oxygenation in the ventilated PPHN lambs that was similar in magnitude to our previously published studies with inhaled NO, as well as the antioxidants rhSOD and PEG-catalase. rhSOD and catalase are not clinically available, and up to 50% of human infants do not respond to iNO (17) . Thus, our findings support a potential future role for hydrocortisone, which is clinically available, in treatment of human neonates with PPHN. 
